I. INTRODUCTION
Domain walls (DWs) are the physical separations between regions with uniform order parameters (domains). Several theoretical and experimental studies show that they actually possess abundant internal structures and novel functionalities. For example, ferroelastic DWs in incipient ferroelectrics SrTiO 3 (Refs. 1 and 2) and CaTiO 3 , 3, 4 as well as antiphase DWs in antiferroelectric PbZrO 3 (Ref. 5) , are found to be polar. These polar DWs are bi-stable in nature, which means that they can be switched by external electric fields and used as high-density memory devices.
In ferroelectrics, 180 DWs were traditionally thought to be of Ising-type: the polarization vectors only change magnitudes but do not rotate around DWs. 6, 7 However, recent theoretical studies indicate that polarization vectors actually rotate around DWs, and other polarization components may exist around DWs, including those normal and parallel to DWs. [8] [9] [10] [11] [12] [13] [14] [15] [16] The components parallel to DWs are termed as Bloch-type and there exist two chiral variants according to the rotation manner of polarization vectors, while the normal components are termed as N eel-type, and this type of DWs is not chiral as there exists a mirror symmetry. 17 180 DWs in PbTiO 3 (PTO) were predicted to undergo a ferroelectric transition to develop large Bloch-type polarization components with the decrease of temperature. 18 Although tail-to-tail polarization components normal to DWs also exist around 180 DWs in PTO due to the flexoelectricity, these components are extremely small and become exactly zero at the DW center. Therefore, 180
DWs in PTO should not be considered as N eel-type according to the classification proposed by Hlinka et al.
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Epitaxial strain is a powerful tool to manipulate the properties of ferroelectrics. The Curie temperature, polarization magnitude and domain structures could be modified by applying different epitaxial strains to ferroelectric films. [19] [20] [21] [22] However, the effect of epitaxial strain on the chirality of DWs has been poorly studied. Previously, Stepkova et al. used phase-field simulations to predict a phase transition from Bloch-like to Ising-like 180
DWs in rhombohedral BaTiO 3 by applying a compressive epitaxial stress. 11 Their following work showed that the dielectric permittivity would diverge at the transition point. 23 Here, we studied the effect of epitaxial strain on the chirality of 180 DWs in PTO, a prototype of tetragonal ferroelectrics. We found that the Bloch components decrease with increasing compressive strain, resulting in a chiral phase transition around 180 DWs from the mixed Ising-Bloch to the Ising type. In contrast, the normal components increase due to large stress gradients.
II. METHODS
All the calculations were performed using the VASP code. [24] [25] [26] The local density approximation (LDA) exchangecorrelation functional was used with the projector-augmented wave (PAW) method. 27 The plane wave cutoff energy was 550 eV. The O 2s2p, Ti 3s3p3d4s, and Pb 5d6s6p electrons were treated as the valence electrons. The optimized lattice parameters of a and c for PTO are 3.867 Å and 4.033 Å , respectively, consistent with previous calculation results. 9, 28 The experimental lattice parameters of PTO are a ¼ 3.905 Å and c ¼ 4.152 Å , 29 i.e., they were underestimated by 1% and 3%, respectively. We set the lattice parameters of the PTO unit cell to the experimental and theoretical values separately and calculated their polarizations by the Berry-phase method. 30 The results are P expt ¼ 94 lC/cm 2 and P theo ¼ 78 lC/cm respectively. That is to say, the underestimation of lattice parameters results in a polarization difference of 17%. If we assume that the domain wall energy is proportional to the square of the polarization gradient at the domain wall center, we may say that the domain wall energy might be underestimated by 31%.
The [100]-oriented 180 DW was considered and a 12 Â 1 Â 1 supercell was chosen, since our previous studies showed that this size would be large enough to reflect the polarization state of 180
DWs. 16 The Ising, Bloch and normal components are the polarization components along the z, y and x directions, as shown in Fig. 1 . The structure relaxations were considered to converge when the force on each atom is less than 2 meV/Å . We used the Born effective charge and the atomic displacements of each atom to calculate the polarization of each unit cell. We chose two types of unit cells, whose central planes are the TiO 2 and PbO planes, respectively. 7, 9 To compare the stability of DW models with different chiralities, we first studied the Ising-type DW models (DW-I). As reported in our previous studies, Ising-type polarization components are the main feature of 180
DWs in PTO and the emergence of Bloch-type and normal components will only cause about 10% reduction of the DW energy. 16 We applied compressive epitaxial strains to a and b axes of DW-I models and allowed the c axis to relax in order to obtain the optimized DW-I models. Using these models as references, we did constrained relaxations to determine the optimized Bloch and normal components at different strains. The normal components can be obtained by direct relaxation under the constraint imposed by the symmetry of the mirror plane normal to the y axis. The DW model containing normal components is named as DW-IN.
The determination of optimized Bloch components is more difficult: One has to push the Pb atoms at DW centers to a series of distances along the y axis and find the energy minimum along this path, while the x coordinates are fixed. The pushing of Pb atoms is marked by arrows in the atomic models in Fig. 1 . After these steps, the mixed Ising-Blochtype DW models were obtained (DW-IB). Full relaxations based on these models result in the emergence of normal components (DW-IBN).
The domain wall energies were calculated according to the equation
where E dw tot is the total energy of the system containing 180
DWs, E bulk tot is the total energy of the equivalent system without 180
DWs, and S is the DW area.
III. RESULTS AND DISCUSSION
A. DW energies for different types of 180 DW models Figure 2 gives the results of DW energies as the function of compressive strain for four DW models. It is found that the DW energy increases with the increase of compressive strain, which means that the density of DWs would decrease for films with large compressive strains. At zero strain, the emergence of Bloch and normal components could reduce the DW energy. As the strain goes left further, the DW energy difference between DW-I (black) and DW-IB (red) becomes marginal and at the strain states of À1.5% and À2%, the bars of DW-IB (red) and DW-IBN (green) disappear. As to be shown in Section III B, the DW models with Bloch components become unstable at these strain states.
Another thing worthy to mention is that the DW energies obtained under the condition of relaxing the c axis are lower than those under the condition of fixing the c axis. For example, at zero strain, the DW energy of DW-I in the case of fixing the c axis is 130 mJ/m 2 , 16 (marked as a star in Fig. 2 ), while that in the case of relaxing the c axis is only 108 mJ/m 2 , nearly 20% reduction. The reason can be understood as follows: During the process of relaxing the c axis, the total energy of the DW model decreases, while the bulk term increases due to the reduced lattice parameter c. As a result, the DW energy reduces.
B. The evolution of polarization components with strains Figure 3 gives the DW energy difference of the DW-IB and DW-I models as the Pb atoms at DW planes are pushed along the y axis at different compressive strains. It can be found that there are potential wells at the positions of zero and small compressive strains. The potential well depth decreases as the strain goes more compressive and disappears when the strain reaches À1.5%, which means that the model DW-IB would become unstable compared with DW-I. Based on these results obtained for the above DW-IB and DW-I models, full relaxations were performed to obtain the information on the DW-IBN and DW-IN models. Polarization analysis was done to the fully relaxed models, and the results are shown in Fig. 4 . The larger the compressive strains are, the Ising components in the bulk area become larger and the slopes at the DW center become steeper. At the same time, the Bloch components shrink and disappear when the strain reaches À1.5%, while the normal components increase continuously.
The decrease of Bloch components and the increase of Ising components can be easily understood by the coupling of polarization and strain: Epitaxial in-plane compressive strains should decrease the in-plane polarization (Bloch) and increase the out-of-plane polarization (Ising). However, we observed that normal components (also in-plane) increase with the increase of compressive strain [ Fig. 4(c) ]. The reason is that normal components mainly come from the elastic stress gradient due to the flexoelectric effect.
14, 31 The elastic stress around the DW was found to be proportional to the square of P 3 (Ising components), 14, 31 whose gradient is definitely steeper at larger compressive strains [ Fig. 4(a) ]. According to our previous studies, the electronic origin of the flexoelectric effect at 180
DWs in tetragonal ferroelectrics is the non-uniform charge and potential distribution. 32 The potential at the DW area is higher than that at the bulk area, thus producing an electric field from the DW to the bulk, i.e., a tail-to-tail distribution around DWs. As a result, normal components also adopt a tail-to-tail distribution. Figure 5 gives the unit-cell-averaged potential distribution of the DW-I model at different epitaxial strains. As the strain becomes more compressive, the potential gradient becomes larger, which is the reason why normal components increase. 
IV. CONCLUSIONS
To sum up, we used first-principles calculations to study the effect of compressive strains on 180
DWs in ferroelectric PTO. It is found that compressive strains tend to decrease Bloch components and increase the Ising and normal components, inducing a chiral phase transition from a mixed Ising-Bloch type to a pure Ising type DW. The decrease and increase of these three components are found to be related to the polarization-strain-coupling and the flexoelectric effect. It is also found that the DW energy increases with increasing compressive strain. These results would provide useful information on the development of chiral-DWbased novel ferroelectric devices.
